The nonlinear stiffness matrix method was incorporated to investigate the structural performance of steel portal frames with semirigid connections. A portal frame with unstiffened extended end-plate connection was designed to demonstrate the adequacy of the proposed method. Besides, the seismic performance of steel portal frames with semirigid connections was investigated through time history analysis where kinematic hysteresis model was assigned to semirigid connections to account for energy dissipation and unloading stiffness. Based on the results of the study, it was found that generally semirigid connections influenced the force distribution which resulted in the decrease in base shear and lighter frame compared to the rigid one. The results also indicated that there was no direct relationship between maximum displacement at the top and connection stiffness in high-rise frames.
Introduction
The structural behaviour of steel portal frame is mainly associated based on its connection's performance. Accordingly, the accurate modelling of steel portal frame needs to take into account realistic connection modelling if an accurate response is desired to be achieved. It is a usual engineering practice to consider either perfect simple or fully rigid connections between beam and column. Experimental tests, however, have acknowledged the real behaviour of beam-tocolumn connections in someplace between these two unrealistic models that possess remarkable flexibility. Based on the majority of design regulations it is only necessary to consider the connection flexibility for the third category; however, it is predicted that majority of beam to column connection types have semirigid performance in some fashion.
The rigidity of beam-to-column connections have relationship with geometrical factors of the connection components, that is, angle section, bolts size, and end-plate. Widespread research projects that consist of numerical and experimental tests have been done so far to demonstrate moment-rotation relationship which is suitable to estimate the ideal behaviour of semirigid connections [1] [2] [3] [4] [5] [6] . Based on the results of the above studies which differ from linear model to power and polynomial models, a large and growing number of literatures has investigated the seismic performance of steel portal frames with semirigid connections [7] [8] [9] [10] [11] . The findings of these studies suggested that adequately designed semirigid beam-to-column connections and frames should be associated with ductile and steady hysteretic performance. The results also revealed that there was a direct relationship between connection stiffness and base shear; however, the lateral drift did not decrease linearly by increasing the connection stiffness. It was also highlighted that ideal structure should incorporate the least probable base shear reaction with satisfactory lateral sway. Many researchers have investigated analytically the seismic behaviour of semirigid frames [12] [13] [14] [15] . The results give evidence that there was a substantial potential to use semirigid structures whose seismic behaviour is similar to that of rigid one mainly in moderate seismic areas. Moreover, the semirigid frames possess benefit of longer first mode period and therefore attract smaller inertial loads. This issue compensates the effect of the enlarged flexibility. Figure 1 : Moment-rotation curves for connections [16] .
It appears from the aforementioned investigations that numerous researches have studied the effects of frames with semirigid connections. However, far too little attention has been paid to the hysteresis modelling of semirigid connections to account for decreasing energy dissipation and unloading stiffness with increasing plastic deformation. The present study explores the influence of semirigid connection on structural performance of steel portal frame through analytical study. The seismic performance of steel portal frames also was investigated through nonlinear time history analysis where kinematic hysteresis model was assigned to semirigid connections to consider energy dissipation capacity and stiffness degradation. The required parameters for the above-mentioned hysteresis models were extracted from eight full-scale experimental tests results of unstiffened extended end-plate connections conducted at Universiti Teknologi Malaysia.
AISC and Eurocode Classification of Beam-to-Column Connections
According to the AISC, the beam-to-column connection is classified based on the characteristics of moment-rotation (M-) curve. It covers strength, stiffness, and ductility of the beam-to-column connections. The secant stiffness, , at service loads is a fundamental criterion of the connection stiffness as defined in
where is moment at service load, (kN-m) and is rotation at service load, rad.
If / ≥ 20, the connection is considered to be fully rigid or FR connections (able to preserve the rotation between members). If / ≤ 2, the connection is classified as simple (it rotates without increasing moment). The connection stiffness between these two boundaries is categorized as a partially restrained "PR" or semirigid connection (see Figure 1) , and the strength, ductility, and stiffness of the beam-to-column connections should be taken into account in the analysis process.
The maximum moment can be carried out by connection introduced as , as shown in Figure 1 . Connections with a lesser amount of 20% of the plastic moment of the connected beam, , at a the rotation of 0.02 rad, are supposed to have no flexural capacity for analysis. It is worth mentioning that, for FR connection, strength less than the beam strength is anticipated. Yet, it is also probable for a PR connection to provide a moment capacity higher than the connected beam [6] .
In Eurocode 3 Part 1-8 [17] the classification of beam-tocolumn joint may be classified as rigid, nominally pinned, or semirigid by comparing its initial rotational stiffness, .ini , with connected beam stiffness. The connections that are categorized as fully rigid are supposed to have an adequate rotational stiffness to consider analyses based on fully rigid. The following equation represents rigid connection boundaries:
where is taken as 8 for fully rigid structures, is taken as 25 for other frames, is moment inertia of connected beam, and is the length of connected beam. A supposedly simple connection should be capable of transferring the external forces, without increasing substantial moments that influence adversely members or the structure as a whole. According to Eurocode 3 Part 1-8, the connections are considered as nominally pinned if
The beam-to-column connections that do not address the criteria for FR connections or a simple connections shall be classified as partially restrained (PR) or semirigid connections. PR connections provide an anticipated deformation between connected members, based on the (M-) curve features of the connections. PR connections are supposed to convey the shear forces as well as bending moments. The initial stiffness, .ini , of beam-to-column connections is determined through flexibility of its main elements; each element is characterized by an elastic stiffness coefficient, . The initial rotational stiffness, .ini , of a beam-to-column connection calculated with an accuracy from following equation is recommended by Eurocode 3 Part 1-8 [17] :
where is the stiffness coefficient for basic joint component , z is the lever arm of extended end-plate connection, and is the stiffness ratio ( .ini / ).
Performance of Portal Frames with Semirigid Connections Using Analytical Method
Analysis of semirigid frames requires accurately predicting the connection's performance. Nonlinear behaviour of connections through moment-rotation curve and some of the Journal of Engineering analytical method are used to predict them. This analytical method is defined as the moment-rotation relationship achieved by a decent curve to full-scale experimental test results. One of the most famous methods which is used in this study is suggested by Frye and Morris. This method is characterized through an odd power polynomial as
where is the rotation of connection, is the applied moment to connection, K is the normalized parameter relation between connection category and geometry, and 1 , 2 , and 3 are defined as the moment-rotation curve parameters.
Chen and Lui [18] provide the value of these parameters for different type of connections. The flexibility of connection is obtained as follows:
The initial stiffness was to be considered whenever the connection is unloaded and calculated as.
The main drawback of this formulation is that the tangent connection stiffness may become negative at some value of connection moment . This is physically unacceptable, and the negative stiffness may cause numerical difficulties in the analysis of frame structures if the tangent stiffness formulation is used. 
Nonlinear Stiffness Matrix of Beam with Semirigid Connections.
During the analysis of steel portal frame with semirigid beam-to-column connections, the influence of connection flexibility is considered through assigning rotational joint possessing stiffness and to both ends of component as shown in Figure 2 .
The nonlinear stiffness matrix of component with considering internal axial force and semirigidity connections at both ends in global system has the following form: Journal of Engineering where is module of elasticity, , , , and are the length, moment of inertia, area, and cosine direction of the element, respectively. The influence of the connection flexibility is considered in the matrix by adapting the stiffness expressions of fully rigid component through the following equations [19] :
where and are the stiffness of flexible connections at two ends of the component. This rotational stiffness is calculated as tangent stiffness through nonlinear parameter given in (5) . The influences of axial forces are incorporated in the nonlinear matrix through considering functions of 0 1 , 0 2 , 0 3 , 0 4 , and 0 5 as follows [20] :
In the above equations 1 is the axial force in the component and cr is the Euler critical load of hinge-ended element with identical geometry and stiffness of the component. By calculating stiffness matrix for each individual components, the global stiffness matrix which incorporated the effects of large deformations and flexibility of connections can be calculated. This process is nonlinear and requires iterative analysis. Accordingly, applied loads are divided into some smaller parts and stiffness matrix equations are considered as incremental load as follows:
where [ ] = ∑ =1 [ ] is the stiffness matrix of whole structure, {Δ } is the incremental force vector, and {Δ } is the incremental displacement vector. By using (13) the quantity of {Δ } in each stage can be calculated. However, as long as the component and connection stiffness are considered constant during the analysis, the structure equilibrium equations cannot be satisfied. To address this problem, Newtown-Raphson force vector are applied to (13) 
where [ ] is Jacobian matrix, is subscript representing the current equilibrium iteration, and { } is vector of restoring loads corresponding to the element internal loads.
As can be seen in Figure 3 , more than one NewtonRaphson iteration is needed to obtain a converged solution. The general algorithm proceeds as follows:
1. Assume { 0 }. { 0 } is usually the converged solution from the previous time step. On the first time step, { 0 } = {0}.
2. Compute the updated tangent matrix [ ] and the restoring load { } from configuration { }.
3. Calculate {Δ } from (14).
4. Add {Δ } to { } in order to obtain the next approximation { +1 } (15).
5. Repeat steps (2) to (4) until convergence is obtained. 
Design Example.
To show the adequacy of suggested method, the moment steel portal frame having semirigid connections was considered as shown in Figure 4 already studied by Kameshki and Saka [21] . The proposed connections are designed using unstiffened extended end-plate as shown in Figure 5 . The required curve fitting and constant parameters for moment-rotation curve are given in (5) and considered as follows [18] (all size parameters are in inches): 
where is lever arm, is thickness of end-plate, and is the diameter of the bolts. In this example the thickness of end-plate is considered as 12 mm. The value of lever arm has a relationship with the connected beam depth. The bolt diameter was designed in accordance with British standard BS5950 for bending moment and shear consideration. By using this information (5) can determine the stiffness of semirigid connection for different value of moment. American wide flange sections with grade steel of A36 were used for both beams and columns. The modulus of elasticity is 210 × 10 6 kN/m 2 . To show the effects of semirigid connections on structural performance, the analyses of portal frame with rigid connections were also considered. Both steel frames design was performed in accordance with the 2010 AISC direct analysis method (AISC 360-10/IBC 2006). The results of both frames are summarized and given in Table 1 . It is apparent from 6 Journal of Engineering 
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Description of Specimens.
To evaluate the connection semirigidity effects on steel portal frames subjected to the ground acceleration 5-, 10-, and 15-storey frames were considered as shown in Figure 6 . The frames were considered as residential buildings and designed according to AISC direct analysis method (AISC 360-10/IBC 2006). The 5 KN/m and 2 KN/m were assigned to the beams representative of dead and live load, respectively. The W sections were used for beam and column in all three frames as shown in Table 2 .
For each analysis, kinematic hysteresis models along with individual stiffness were assigned to the connections. The stiffness was calculated from 6 full-scale experimental tests of flush end-plate connection with variable parameters including number of bolt rows, thickness of end-plate, and bolts size. A test rig was considered to accommodate a 3 m height column and a 1.3 m span of cantilever beam as shown in Figure 7 . A hydraulic jack is applied the concentrated load at the tip of connected beam. The loading of the specimen was performed using 5 kN increments until the occurrence of a substantial deflection in the beam. A series of tensile tests were conducted on the web and flange of column, beam, and end-plate of the specimen. The average value of yield and ultimate strength were 338 N/mm 2 and 502 N/mm 2, respectively. The moment-rotation curves for all the six beam-tocolumn connections are shown in Figure 8 . In all the tests, the specimens experienced linear behaviour in the first stage and then are followed by nonlinear behaviour, slowly dropping the stiffness by increasing the rotation. It is mainly due to the concentrated deformation appearing at the tension region of the connections through the top bolt rows as shown in Figure 9 .
The results of the initial stiffness, moment capacity, and maximum rotation for all the six beam-to-column connections are given in Table 3 . The rotation stiffness of the connection depends on the geometrical configuration of the connection. Generally, the higher the moment resistance of the connection, the stiffer the connection's stiffness. However, factor such as number of bolts, thickness of the plate, and depth of the beam play an important role to determine the stiffness of the connection. Therefore, it is the best way to represent the rotation stiffness of the connection by comparing the moment resistance and relate to other connection's parameters.
Hysteresis Models.
Hysteresis is the process of energy dissipation through deformation (displacement) that affects nonlinear static and nonlinear time history load cases. Several different hysteresis models are available to describe the behaviour of different types of materials. For the most part, these differ in the amount of energy they dissipate in a given cycle of deformation and how the energy dissipation behaviour changes with an increasing amount of deformation. Typical for all models, cyclic loading behaves as follows:
(i) Initial loading in the positive or negative direction follows the backbone curve.
(ii) During the reversal deformation, unloading occurs along a different path, usually steeper than the loading path.
(iii) After the load level is reduced to zero, continued reversal of deformation causes reverse loading along a path that eventually joins the back bone curve on the opposite side. Figure 9 shows kinematic hysteresis model. It is based upon the kinematic hardening behaviour that is commonly observed in metals, and it is the default hysteresis model for Journal of Engineering all metal materials. This model dissipates a significant amount of energy and is appropriate for ductile materials. Under the rules of kinematic hardening, the plastic deformation occurs in one direction and "pulls" the curve in the other direction.
Earthquake Ground Motions.
To perform nonlinear dynamic analysis, it is crucial to select earthquake records proportional to the geotechnical properties and soil conditions of the site. In this research the intended frames have been designed on rock beds of soil site class B in compliance with response spectrum of IBC 2009 code. Accordingly, 10 ground motion records were considered from Pacific Earthquake Engineering Research Center (PEER) as given in Table 4 . displacement controlled and incremental lateral loads were applied on frames having fully rigid beam-to-column connections. The pushover analyses were carried out and monotonically increased till the 1.5 times target displacement was reached. The triangular pattern of loading was applied to the frames and plastic hinge rotation angle was the main parameter to identify the performance level (immediate occupancy, life safety, and collapse prevention). The equivalent base shear and maximum displacement at the top for boundary states (immediate occupancy, life safety, and collapse prevention) are demonstrated on the capacity curves for all frames where it shows the life safety requirement satisfied.
Results and
To study the seismic performance of the semirigid and fully rigid frames, the time history analyses were compared with pushover analysis. As can be seen in the Figures 11 to  13 , the maximum base shear in the time history analyses was greater than the amount determined from the pushover analyses. Generally, when the connection stiffness decreased, the maximum base shear also decreased. The displacement at the top in 5-and 15-storey frames experienced increase up to 30% by decreasing the connection stiffness from rigid to semirigid (K3100 kNm/R). However, this issue was not accurate for 10-storey frame. By comparing Figures 10 to 12 there is no direct relationship between connection stiffness and maximum displacement at the top in tall buildings, as it is mainly controlled by ground motion and frame characteristic such as first mode period.
Conclusions
This study evaluates seismic performance of steel portal frames with semirigid connections. The nonlinear stiffness matrix method was developed to investigate the effects of beam-to-column connection rigidity and geometric nonlinearity in the seismic response. Besides, three portal frames time history analysis. The following points emerged from the present investigation: (i) It was noticed that the semirigid connection modelling produced lighter frames compared to the rigid one.
(ii) Beam-to-column connection flexibility affects the force distribution in the frame and causes decrease in the base shear.
(iii) It was concluded that there is no linear relationship between connection stiffness and maximum displacement at the top. The maximum displacement at the top in high-rise frame is mainly controlled by frame properties and ground motion level.
(iv) Current design code does not take into account adequate design method for frames with semirigid connections for high seismic areas. Specially, for research concern the seismic force distribution and the analysis subjected to the gravity loads need further investigation. Considerably more work will need to be done to determine the cyclic performance of partial strength/semirigid connections.
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